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Modern diesel engines must meet a number of performance criteria related to fuel 
consumption, emissions levels, engine noise and vibrations.  The diesel fuel injection 
system is the primary mode of combustion control, and hence is important in helping to 
meet these engine requirements. 
 
This study set out to investigate the effects of diesel fuel properties on the behaviour of a 
common rail fuel injection system, with particular emphasis on the injection rate shape 
characteristics.  The investigation included the design and commissioning of 
experimental equipment for the measurement of fuel properties at typical common rail 
pressures, as well as the measurement of instantaneous fuel flow rate by a modified 
Bosch Indicator method.  Data was then collected for two different diesel fuels, operating 
in two different fuel injector designs.  The two fuels were EN590 (a European reference 
fuel) and GTL (a fuel derived from natural gas).  The two injectors were a Bosch solenoid 
type injector, and a Bosch piezo type injector. 
 
Some difficulties were experienced with the pressure of the fuel delivered by the fuel 
pump, and as such it was necessary to make use of regression models to generate ‘clean’ 
data, allowing for better comparisons between fuels and injectors at common operating 
points. 
 
Injection data was collected at pulse widths of 0.2 ms to 1.5 ms, and regression models 
were developed for the data where pulse widths were longer than 0.5 milliseconds. 
 
Across the injection pressure range of 600 bar to 1200 bar, the fuel density was found to 
have a significant effect on the injected mass, with a 10.4 % increase in fuel density 
resulting in increases of up to 6.6 % in the injected mass for the solenoid injector and up 












predicted to have had effects on the injected mass, where an increase of 100 % in 
viscosity would result in a decrease in the injected mass of the order of 3 %. 
 
The EN590, having a higher density, and lower viscosity than the GTL, displayed 
injected mass values of up to 7.9 % higher than the GTL.  The initial rate of rise in the 
flow rate was also roughly 30 % higher in the piezo injector than in the solenoid injector. 
 
Some improvements to the testing procedures used in this study were recommended, 
including a closer look at the method for measuring the injected mass at pulse widths less 
than 0.5 ms.  It was also noted that the length of fuel pipe between the fuel pump and the 
fuel injector should be kept as close as possible to the length of the fuel pipe in the actual 
engine.  This would ensure that any upstream effects on the fuel supply pressure would 
be accurately mimicked during testing.  Lastly, it was recommended that a needle lift 
sensor be used for injection flow rate measurement, allowing for more accurate 
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Glossary of Terms 
 
 
Acoustic velocity/Sonic velocity – This is effectively the speed at which a sound wave 
travels through a substance under given conditions. 
 
Biodiesel – Diesel which is manufactured using bio-mass (as opposed to diesel 
manufactured from fossil fuels). 
 
Bulk modulus – The bulk modulus of a substance is a measure of the compressibility of 
that substance, and is expressed as a change in the hydrostatic pressure surrounding the 
substance as a function of the change in volume occupied by the substance. 
 
Common rail – The common rail is a short section of pipe in modern diesel injection 
systems.  The common rail is maintained at a constant pressure, and is the ‘common’ 
reservoir of fuel which supplies fuel to each fuel injector. 
 
Continuity equation – An equation for flow of a compressible fluid based on the 
conservation of mass. It states that the mass of fluid entering a particular junction per 
unit of time equals the mass exiting that junction per unit of time. 
 
Density – The mass of a particular substance, measured as a function of the volume it 
occupies in space, is referred to as the density of that substance. 
 
Dynamic viscosity – When external forces act on a fluid, shear forces are experienced 
within the layers of the fluid.  The measure of these shear forces as a function of the rate 
at which the external forces are applied is referred to as the viscosity of the fluid. 
 
ECU – This is the Engine Control Unit, and is basically an on-board computer which 













Fuel injector – An injector unit is installed in the head of each cylinder in a direct 
injection engine.  The fuel injector acts as a valve which allows the fuel to enter the 
combustion chamber when necessary.  The timing of the opening and closing of the fuel 
injectors is controlled by the engine’s ECU. 
 
Injection duration -  The actual time for which flow occurs for a particular injection 
event. 
 
Injection event – Described as one complete cycle of opening and closing of a fuel 
injector, resulting in a measured quantity of fuel being delivered to the engine’s 
combustion chamber. 
 
Injection pressure – The control pressure at which fuel is maintained in the common 
rail. 
 
Injection system – Delivers fuel from the fuel tank to the engine.  It consists of a fuel 
pump, fuel pipes, and fuel injectors. 
 
Kinematic viscosity – The ratio of a fluids’ dynamic viscosity to its mass density is 
referred to as the fluids’ kinematic viscosity. 
 
Needle – The main needle inside a fuel injector forms a seal on its seat just before the 
injectors’ nozzle.  The movement of this needle forms the opening and closing action of 
the fuel injector. 
 
Nozzle – A mechanical fitting with single or multiple holes through which a fluid flows.  
A nozzle is usually designed to give a desired pattern of flow upon exit. 
 
Piezo-electric crystal – A crystal which when subjected to mechanical deformation, 
emits an electric charge.  Similarly, when subjected to an electric charge, a piezo-electric 












Pressure transducer – An instrument which measures the pressure at the point at which 
it is situated. 
 
Pulse-width – The length of time the ECU instructs the fuel injector to open for a 
particular injection event. 
 
Pycnometer – A flask/tube used for the measurement and comparison of fluid densities. 
 
Regression analysis – A statistical tool whereby a data set is analysed for the purpose of 
generating additional data sets.  The key idea being that the behaviour of these 
additional data sets remains consistent with the behaviour of the original data set. 
 
Riser – A small pin inside a solenoid fuel injector which assists in controlling the 
opening and closing action of the main needle. 
 
Solenoid – A solenoid consists of a magnet and an electric coil.  When the solenoid is 
energised, a magnetic field is set up by the electric coil, and this magnetic field reacts to 
the magnetic field of the magnet to produce a linear motion. 
 






















Greek Symbol   Quantity    Units 
 
β    Bulk Modulus    Pa 
ρ    Density    kg/m3 
ρM    Density in the measuring tube kg/m3 
ρR    Density in the common rail  kg/m3 
μ    Dynamic viscosity   Pa.s 
μP    Poisson’s ratio   none 
υ    Kinematic viscosity   m2/s 
 
Symbol   Quantity    Units 
 
A    Flow area    m2 
c    Acoustic Velocity   m/s 
d    Diameter    m 
L    Length     m 
m    Mass     kg 
P    Pressure    Pa 
PM    Measuring tube pressure  Pa 
PR    Common rail pressure   Pa 
q    Volumetric flow   m3 
Q    Total Volumetric flow  m3 
Re    Reynold’s number   none 
t    Time     s 
T    Temperature    K 
u    Velocity    m/s 
v    Velocity    m/s 










Chapter 1: Introduction 
 




Modern diesel engines on both heavy and light duty vehicles are designed to meet a 
number of various performance requirements.  These include, amongst others, adhering 
to emissions legislation, falling within engine noise requirements, lowering engine 
vibrations, and optimising the fuel consumption.  Many different factors in the design of 
diesel engines contribute towards satisfying these requirements. 
 
The primary mode of combustion control in a diesel engine is through the diesel injection 
system.  This is one area where innovative design plays a significant role in engine 
optimisation and, in particular, the use of a common rail injection system allows for fine 
tuning and optimisation of the engine’s performance (Schommers et al, 2000).  The 
common rail system is a high pressure injection system with an electrically controlled, 
hydraulically actuated injector which allows for the variation of parameters such as 
injection duration, injection pressure, the number of injection events, and injection timing 
(Stumpp et al, 1996).  Modern systems use injection pressures ranging from about 300 
bar to in excess of 2000 bar (Ganser, 2000). 
 
The injector system design is not the only factor affecting fuel injection characteristics.  
The physical properties of the fuel itself can have a significant effect on injection 
behaviour. Modern diesel fuels are derived from a variety of hydrocarbon sources and 
each different source produces a fuel with different physical properties (Morgan et al, 
1998).  
 
Changes in these properties, such as density and bulk modulus, affect the injection timing 
and the mass flow rate through the nozzle (Tat et al, 2003).  Fuel spray pattern and 
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In an attempt to quantify the effects of fuel properties on fuel injection characteristics, the 
author tested two different diesel fuels (with differing physical properties), in a flow 
measurement apparatus.  Further, in order to quantify the effects of injection system 
design, two differently designed injectors were tested with this apparatus.  The two fuels 
used in the study were EN590, a European fuel used in this research as a reference, and a 
test fuel derived from natural gas (from here on referred to as GTL).  The two injection 
systems differed only in the injector unit, where the first was a solenoid-driven common 
rail injector and the second a piezo-electrically driven common rail injector. 
 
1.1 Problem Definition 
 
The purpose of this study was to investigate the effects of GTL and EN590 diesel fuel 
properties on the injection characteristics in a common rail injection system.  With ‘diesel 
fuel properties’ and ‘injection characteristics’ being fairly broad terms, it was necessary 
to set certain boundaries within which the study would focus.  In terms of fuel properties, 
this translated into focussing on the diesel density, acoustic velocity, and bulk modulus.  
For the injection characteristics, the areas of particular interest were the injected mass 
values, and the shape of the injection rate curves.  With these parameters identified, a 
secondary set of objectives was generated, namely, the construction, commissioning and 





The investigation of the aforementioned effects and characteristics proceeded from the 
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Experimental Objectives 
 
 Determine the bulk modulus, acoustic velocity, and density of the fuels to be 
tested at typical operating pressures and temperatures for a common rail injection 
system. 
 Verify the accuracy of the above-mentioned fuel property measurements. 
 Design and commission equipment capable of accurately measuring the 
instantaneous fuel mass flow rate through a common rail injector. 




 Use the measured results to draw sound conclusions relating to the effects of the 
fuel properties on the fuel injection behaviour. 
 Evaluate these conclusions on the basis of other similar literature. 
 
1.3 Report Layout 
 
In order to aid the reader in navigating this document, here follows the basic structure for 
its layout.  For a more in-depth guide to the information contained in this document 
please refer to the table of contents. 
 
Literature Review (Chapter 2) 
In order to put this study into context, this chapter describes previously conducted 
research on topics of similar interest.  A literature review precedes any research project 
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Theoretical Background (Chapter 3) 
This chapter describes the basics of the theories upon which the work in this study is 
based.  It aims to give the reader an in-depth understanding of the physics behind high 
pressure fuel injection and details the mathematics behind the methods used in the 
experimental portion of the study. 
 
Design of Equipment and Methodology (Chapter 4) 
This chapter contains a description of the design of the equipment used in this study and 
the reasoning behind the different methods used in obtaining the necessary physical fuel 
injection and fuel property data.  For design drawings please refer to Appendix C. 
 
Results (Chapter 5) 
A summary of the collected data is presented and the relevant behavioural trends are 
shown in the form of numerical tables and graphical plots.  Data from other literature 
sources is also presented here as a comparison. 
 
Analysis and Discussion (Chapter 6) 
The results from this study are analysed and discussed here and the author presents 
comments on the trends and effects of fuel properties on diesel injection.  Regression 
analyses are also presented for some of the flow data. 
 
Conclusions (Chapter 7) 
This study set out to investigate the effects of fuel properties on diesel injection 
behaviour and, based on the discussion chapter, relevant conclusions are drawn here 
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Recommendations (Chapter 8) 
This chapter outlines some of the challenges faced throughout the course of this study 
and the author offers some possible improvements to the experimental processes as well 
as ideas for the scope of future work which continues from this study. 
 
References (Chapter 9) 
References for all of the associated literature are presented in this chapter.  The Harvard 
convention was employed for all referencing and citation purposes. 
Appendices 
The appendices of this report contain the fuel properties, injected mass data, and design 
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2. Literature Review 
2.1 Measurement of Fuel Properties 
 
The more challenging of the experimental portions of this study was the measurement of 
the fuel properties at typical common-rail operating pressures.  The effects of fuel 
properties on injection characteristics could only be fully investigated if the fuel 
properties at the given operating conditions were accurately determined; therefore it was 
necessary to make use of a simple yet reliable method for measuring the fuel properties in 
question.  Given the effects of temperature on fuel properties, it was equally important 
that these measurements were made at constant and known temperatures. 
 
The fuel properties to be measured were bulk modulus, density, and speed of sound (or 
acoustic velocity.  These are defined as follows: 
 
The bulk modulus of a fluid is the measure of that fluid’s compressibility.  That is to say, 
that for a given change in pressure, the fluid will experience a corresponding change in 





  (Pa)   (Eq 2-1) 
 
Where β is the bulk modulus of the fluid, dP is the change in applied pressure, and dV is 
the corresponding change in volume. 
 
Density is the mass per volume measurement for any given substance and, for gases and 
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   (kg/m3)  (Eq 2-2) 
 
Lastly, the speed of sound (or acoustic velocity) in a substance is the speed at which a 
pressure wave travels through the substance.  At very high pressures where the 
compressibility of liquids is taken into consideration, the speed of sound in any particular 
liquid varies significantly with pressure. 
 
Tat and Van Gerpen (2003) measured the speed of sound, density, and bulk modulus of 
biodiesel using the apparatus in figure 2-1, in order to quantify the effects of these 
properties on injection timing and the resulting engine performance. 
 
 
Figure 2- 1. Cross-section of apparatus as used by Tat and Van Gerpen (2003) for the measurement 
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Referring to figure 2-1, the transducer at ‘1’ emitted an ultrasonic pulse, and the 
reflections of the pulse were captured on an oscilloscope.  The speed of the pulse 
travelling through the fuel in the sample chamber was then calculated as per figure 2-2.  
The density of the fuel sample was measured before each test, and by measuring the 
travel of the piston, the change in the volume of the sample chamber was known, hence 
the fuel density under the operating pressure was also known. 
 
Figure 2- 2. Ultrasonic signal reflections for the speed of sound measurement in biodiesel (Tat and 
Van Gerpen, 2003) 
 
A correction factor was included in the density measurement to allow for the expansion 
of the vessel at high pressure.  The measured values for speed of sound and density were 
then used to calculate the bulk modulus of the fuel as follows (Gouw and Vlugter, 1967 
and Rolling and Vogt, 1960, Tat and Van Gerpen, 2003): 
 
 2c      (Eq 2-3) 
 
Where c is the speed of sound and ρ is the density at the operating pressure.  Two 
difficulties with this method, as reported by Tat and Van Gerpen (2003), were the 
successful removal of all air bubbles from the sample chamber, and the elimination of 
any leaks in the system.  It was also noted that the maximum operating pressure used in 
these tests was 345 bar, which is significantly lower than typical common rail injection 
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Szybist et al (2005) conducted a study to reduce biodiesel NOx emissions through the 
evaluation of formulation strategies.  Part of this study involved the measurement of the 
bulk modulus of biodiesel.  The fuel sample was placed inside a pycnometer which was 
further placed inside a pressurised vessel called a Jerguson Gauge as shown in figure 2-3.  
The vessel was pressurised to a known pressure with helium and the change in volume of 
the fuel sample was observed through a clear quartz viewing window, effectively a direct 
measurement of the bulk modulus of the fuel.  The Jerguson Gauge was capable of 
handling pressures up to 4000 psi (275 bar). 
 
 
Figure 2- 3. Modified Stainless Jerguson Gauge used by Szybist et al (2005) 
 
Huhtala and Vilenius (2001) presented a study of a common rail system which included 
measurement of the fuel properties.  The pressure range over which these properties were 
measured was between 200 bar and 1450 bar.  The method involved the measurement of 
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Figure 2- 4. Apparatus as used by Huhtala and Vilenius (2001) for the measurement of acoustic 
velocity in diesel fuel. 
 
The acoustic velocity measurement was then used to infer the diesel density and bulk 
modulus at the operating pressure using the cross-correlation method as proposed by 
Jinghong et al (1994).  See Chapter 3 of this report for a detailed description of the cross-
correlation method. 
 
Ball and Trusler (2001) conducted acoustic velocity measurements in n-hexane and 
n-hexadecane at temperatures between 298 K and 373 K, and at pressures up to 100 MPa.  
The apparatus was an ultrasonic cell type, as shown in figure 2-5 below. 
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Similar in principle to the measurement technique used by Tat and van Gerpen (2003), 
the difference here was that the transducer was submersed in the test fluid.  The 
transducer (5) was placed with two reflector plates (1) at different distances.  After 
energising the transducer, two return signals were captured, slightly out of phase with 
each other.  This method thus yielded two measurements of the acoustic velocity per test. 
The results were reported to agree with data from literature to within 0.3%, however it 
was the experience of the author that no further n-hexadecane data at similar test 
conditions could be found in the literature. 
 
2.2 Measurement of Mass Flow through an Injector 
 
The advantages gained from accurately controlling the quantity of fuel injected with each 
engine cycle are vast (see Chapter 1) and hence the subject of fuel flow measurement is 
widely documented and is a high priority for diesel engine researchers. 
In 1966 Wilhelm Bosch presented a new method of measuring the quantity of fuel 
delivered by a fuel injector.  The apparatus was termed the ‘Bosch Indicator’ and, in 
summary, this method involved connecting the delivery end (nozzle) of the injector to a 
tube which was pre-filled with fuel, and pressurised in order to simulate in-cylinder 
back-pressure conditions.   Upon injection, a pressure wave was developed in this 
downstream (measuring) tub  and was captured, via a strain gauge, on an oscilloscope.  
The analysis of this pressure trace allowed Bosch to accurately determine the quantity of 
fuel injected.  In Chapter 3, Wilhelm Bosch’s presentation of the Bosch Indicator system 
(Bosch, 1966) will be discussed in further detail.  The flow measurement equipment 
designed for the purposes of this study was based on Bosch’s design; however other 
methods for fuel flow measurement were investigated and are discussed here. 
 
Thomas Ryan (1996) presented an innovative technique for the measurement of the 
instantaneous momentum of a fuel jet.  The measured fuel jet was impacted on a plate 
equipped with pressure sensitive Piezo-film as shown in figure 2-6, and the measured 
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itself to the measurement of asymmetries in the injected fuel jets but requires very 




Figure 2- 6. Film sensor arrangement (Ryan, 1996). 
 
 
Schmid et al (2001) presented a nozzle-integrated fuel flow measurement device based on 
theory similar to that of a hot-wire anemometer.  As a normal hot-wire anemometer 
would not withstand the high pressures and velocities associated with fuel injection, 
Schmid’s micro-device was fabricated from a ceramic substrate and thin film sensors.  
The “hot-film anemometer” was used to measure the heat transfer coefficient and hence 
fuel flow rate.  This method required access to machinery necessary for producing micro-
machined components and the application of this device was aimed at use for an in-
service injector on an operating engine.  Although the costs for these sensors were low in 
terms of mass production, the capital costs for a once-off application could be high in 
comparison with other flow measurement devices. 
 
W. Zeuch’s method is similar in principle to Bosch’s design, but differs in that the fuel is 
injected into a pressurised fuel chamber, as shown in figure 2-7, as opposed to Bosch’s 
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calibration purposes.  The calculation of the injected volume is calculated directly from 
the following relationship (Ishikawa et al, 2000): 
 
V
VP       (Eq 2-4) 
 
Where V is the constant volume of the chamber and β is the bulk modulus of the fuel. 
Results comparing Bosch’s method with Zeuch’s method were presented by Takamura et 
al (1992) and show excellent correlation between the two methods.  Zeuch’s method 
requires a slightly more complicated design though, as the volume of the chamber into 
which the fuel is injected must be adjusted to match the corresponding injection quantity.  
The reason for this is that, for very small volume injections, the respective pressure rise is 
very small.  Decreasing the chamber volume accordingly increases the pressure rise, 
which is then easier to measure accurately.  The use of a very accurate fuel flow meter 
also introduces extra costs to the design. 
 
 
Figure 2- 7. Apparatus as used by Ishikawa et al (2000), Zeuch’s method. 
 
 
Some other approaches to fuel flow measurement have been via the mathematical 
modelling route.  Zhu and Reitz (2000), and Smith and Timoney (1992) present just two 
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in fuel injection systems with mathematical modelling.  Although these studies produce 
useful tools for injection and combustion analysis, they are based on assumptions which 
are not necessarily applicable.  Values for physical properties such as bulk modulus, 
friction factors and heat transfer quantities, which are difficult to measure, are assumed 
where the researcher lacks any better input.  These assumptions naturally introduce 
inaccuracy of the respective results, as illustrated by figure 2-8.  For the purposes of this 
study, it was decided that real experimental results were required in order to accurately 




Figure 2- 8. Comparison of modelled results versus actual data (Zhu, 2000) 
 
 
The advantages of Bosch’s design over the above-mentioned alternatives are as follows: 
 
 The Bosch design is simple to implement and is low cost. 
 The results from the Bosch method are very accurate; errors within 3-4% were 
quoted by Bosch. 
 Bosch’s design has been implemented by a number of other researchers and is a 
recognized method for measuring fuel flow rate. (Stan, 1999; Benajes et al, 2004; 
Mulemane et al, 2004)  
 
As already mentioned, the design for the flow measurement equipment used in this study 
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2.3 The Effects of Fuel Properties on Fuel Injection Characteristics 
 
Based on the guidance of the project supervisor, and on some available literature, the 
author was able to determine which of the physical properties of a diesel fuel are major 
factors influencing fuel injection characteristics. 
 
Boudy and Seers (2009) made use of a simulation model (AMESim) to study the effects 
of biodiesel fuel properties on fuel injection characteristics. They highlighted fuel 
density, bulk modulus and viscosity as the major factors, and concluded that, in part, the 
mass flow through an injector is affected by the Reynold’s number (See Eq 2-5) of the 
fuel flow in the injector feed pipe. 
   
Reynold’s number (Douglas, Gasiorek, Swaffield, 2001) is defined as: 

vd
Re     (Eq 2-5) 
 
They reported that the friction losses and pressure fluctuations in the injector feed pipe 
affected fuel flow and that, even though the changes were slight, the density inversely 
affected the injected mass during single injection events, as seen in figure 2-9.   
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Boudy and Seers used “relative fuelling” as a means to compare test fuels with a 
reference fuel.  The relative fuelling was a comparison of the actual injected mass 
quantities when operating with different fuels at the same conditions.  The fuel densities 
indicated in figure 2-9 varied by up to 8.8 % when compared with the reference fuel for 
the simulations.  The largest decrease in relative fuelling for the single injection events 
appears to be of the order of 5%, but was not explicitly mentioned in the report.  Density 
was reported to be the main factor in affecting the injected mass and, overall, fuel 
properties were said to make a larger difference when dealing with multiple injection 
strategies as opposed to single injection strategies. 
 
Increases in fuel dynamic viscosity were also reported to result in an increase in the 
relative fuelling.  Figure 2-10 illustrates that increases in dynamic viscosity of up to 80 % 
yielded increases in the relative fuelling of up to 2.8 % for single injection events. 
 
 
Figure 2- 10. Relative fuelling of diesel fuels with varying viscosities (Boudy and Seers, 2009) 
 
 
Huhtala and Vilenius (2001) also alluded to the fact that upstream conditions affected 
fuel flow rates through the injector.  They reported that the acoustic velocity of the fuel 
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in the injected mass, however they did not provide any compelling data to back up this 
statement.  Factors affecting the injector behaviour also included the length of the fuel 
supply line and the positioning of the pump supply relative to the injector feed pipe. 
 
Seykens et al (2004) modelled a common rail injection system for heavy duty diesel 
engines using the AMESim code, and validated the model with experimental results 
obtained using a Zeuch-type apparatus as shown in figure 2-7.  They investigated the 
influence of fluid properties on the injection process by comparing measurements using 
diesel to those using Rapeseed oil Methyl Ester (RME).  At 20°C, the density of the RME 
was reported to be 7% higher than that of the diesel, and the kinematic viscosity of the 
RME 43% higher than that of the diesel.  RME was reported to have a mean volumetric 
injection rate of 6.9% lower than that of the standard diesel as shown by figure 2-11.  




Figure 2- 11. Comparison of volumetric injection rates for RME versus Standard diesel (Seykens et 
al, 2004) 
 
It was reported that no evidence was found to suggest that diesel properties influenced the 
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3. Theoretical Background 
3.1 Fuel Property Measurement Theory 
 
As set out in the objectives for this study, it was necessary to accurately measure bulk 
modulus, density, and acoustic velocity at operating pressures similar to those typical of 
common rail injection systems.  From the review of techniques used in the literature, it 
was evident that the direct measurement of density and bulk modulus at pressures in this 
range would not be possible using apparatus similar to that used by Tat and Van Gerpen 
(2003), or by Szybist et al (2005).  These methods were only designed to measure at 
pressures of up to 345 bar, and 275 bar respectively.  A more suitable solution to this 
problem was to measure the acoustic velocity at the high pressure conditions, and to then 
mathematically infer the density and bulk modulus properties.  To this effect, Jinghong et 
al (1994) presented the cross-correlation method which infers the fuel density and the 
combined bulk modulus of the fuel and the pipe material from the acoustic velocity 
measurement.  The mathematical relationships were as follows: 
 
Equation 3-1 describes the effective combined bulk modulus of the fuel and the pipe 








      (Eq 3-1) 
 
Where ‘βei’ is the effective combined bulk modulus of the fuel and the pipe which carries 
the fuel, ‘L’ is the length of pipe between the two pressure transducers, ‘ρi’ is the fuel 
density at the operating pressure and ‘ti’ is the time taken for the pressure wave to travel 












Chapter 3: Theoretical Background 
 
Sasol Advanced Fuels Laboratory 19 








     (Eq 3-2) 
 
 
Where ‘ρ0’ is the density of the fuel at atmospheric pressure and test temperature, ‘Pi’ is 
the operating pressure, and ‘P0’ is atmospheric pressure.  As seen from equations 3-1 and 
3-2, βei and ρi are inter-dependent; therefore it was necessary to iterate in order to obtain 
the correct values for these variables.  This iteration procedure was done using Microsoft 
Excel® 2003’s ‘solver’ function (making use of a ‘quasiNewton’ method – [Microsoft 
Excel® 2003 Help Documentation]).  Density values were substituted into equation 3-1, 
yielding corresponding effective bulk modulus values, which were in turn substituted into 
equation 3-2.  This iterative process continued until the difference between the density 
value entered into equation 3-1 and the density value yielded by equation 3-2 was 
negligible.  The relationship between density, effective bulk modulus, and acoustic 






     (Eq 3-3) 
 
In order to quantitatively compare different fuels, the bulk modulus of each fuel itself 
must be known.  Therefore it was necessary to separate out the bulk modulus of the fuel 
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Where ‘EPipe’ is the elastic modulus of the pipe material, ‘din’ is the inner diameter of the 
























   (Eq 3-5) 
 
Where ‘VPipe’ is the volume of the pipe material, and ‘VTot’ is the total volume. 
 
After solving for the relevant fuel properties by direct measurement and the use of the 
above formulae, the next step in the investigation was to quantify their effects on the 
injection characteristics. Understanding and quantifying these effects would require a 
good knowledge of the way in which a common rail injector functions, as well as 
accurate measurement of the flow through the injector. 
 
3.2 Operating Principles of a Bosch Common Rail Injection System 
 
The first injection system used in this study was a 2002 Bosch common rail diesel 
injection system.  In order to aid the reader in understanding and appreciating the work 
covered in this report, here follows a detailed description of the principles of operation 
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Figure 3- 1. Section showing Bosch common rail diesel injector detail (Schommers et al, 2000) 
 
The high pressure diesel pump supplies fuel at the operating pressure to point ‘A’ on the 
injector, and the path taken by the fuel internally is shown by the red areas in the figure.  
In the injector’s closed state, the resultant f rce acting on the blue needle ‘E’ is holding 
the needle down against the sealing face at ‘F’.  This resultant force comprises forces due 
to hydraulic pressure on the needle ends, and the spring force acting on the needle body.  
When the injector is required to open, the engine’s ECU sends a signal to point ‘B’, 
actuating the solenoid.  The riser at ‘C’ then lifts from its seat, allowing the fuel in the 
small chamber above the needle to flow through a channel (‘D’).  The release of this fuel 
above the needle results in a pressure drop at this point, and hence the resultant force on 
the blue needle changes, causing it to lift from its sealing face at ‘F’.  At this point, fuel 
flows through the injector nozzle and into the combustion chamber.  When the injector is 
required to close again, the ECU de-actuates the solenoid, closing the riser ‘C’ against its 
seat again.  Fuel in the small chamber above the needle builds pressure again and the 
balance of forces on the needle reverts again to the closed state.  During this process, the 
small quantity of fuel released at ‘D’ for each injection leaves the injector body at ‘G’ 
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The second injection system used in this study was a 2007 Bosch piezo-type common rail 
injection system.  The difference between this injection system and the previous system 
lies in the fuel injector unit.  Although the principle of hydraulic actuation remains, where 
the previous system used an injector which was controlled via a solenoid, the piezo-type 
system used a piezo-actuator module to control the injector.  The piezo-type injector was 
also re-designed so that the main moving parts had a much lower mass. This lower inertia 
design, coupled with the piezo-actuator (which responds much faster than the solenoid) 
enables the piezo-type injector to be capable of up to five injection events per engine 
cycle.  A disadvantage of employing the use of the piezo type injectors is that they are 
significantly more expensive than the solenoid type. 
 
 
3.3 Fuel Flow Rate Measurement Theory 
 
Wilhelm Bosch published a paper in 1966 detailing the design and theory behind the 
Bosch Fuel Rate Indicator system for the characterisation of individual fuel injections. 
The basic concept was to inject fuel into a pipe (from here on referred to as the 
‘measuring tube’) already containing fuel at a pre-determined back pressure.  This back 
pressure served the purpose of simulating pre-injection in-cylinder conditions in a diesel 
engine.  The values quoted by Bosch for this back pressure ranged from 0 bar to 50 bar.  
The injection of fuel into the measuring tube set up a pressure wave described by 
equation 3-6 (Bosch, 1966): 
 
ducdP      (Eq 3-6) 
 
Where ‘dP’ is the incremental pressure rise in the measuring tube, ‘c’ is the acoustic 
velocity of the fuel, ‘ρ’ is the density of the fuel, and ‘du’ is the corresponding velocity 
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With the use of the continuity equation, Bosch went on to show that the volume injected 








     (Eq 3-7) 
 
Where A is the internal flow area of the measuring tube. 
 
When equation 3-7 is integrated over the entire injection duration, the total volume 










     (Eq 3-8) 
 
Another consideration in the design of the Bosch Indicator was to enable continuous 
operation such that the pressure wave set up by injection event number N did not reflect 
back in the measuring tube and cause interference with the pressure wave set up by 
injection event number N+1.  The original Bosch design solved this problem with the use 
of an orifice plate downstream of the point of injection.  This orifice plate assisted in the 
decay of the pressure waves set up by each injection event.  The length of the measuring 
tube was also matched to the frequency of the injections and their respective reflections 
for different simulated engine speeds.  In the current study however, the measuring tube 
was simply lengthened and the losses due to pipe wall friction ensured that the pressure 










Chapter 4: Design of Equipment and Methodology 
 
Sasol Advanced Fuels Laboratory 24 
4. Design of Equipment and Methodology 
 
 
For this study it was necessary to design and manufacture equipment for the 
measurement of the physical properties and flow properties of diesel at typical common 
rail operating pressures.  The equipment and experimental procedures are detailed in this 
chapter. 
 
4.1 Acoustic Velocity Measurement Equipment 
 
For the most part, the experimental setup for the measurement of acoustic velocity was 
the same as the setup used for the injector flow tests.  In order to increase the accuracy of 
the results from these tests however, the pressure was generated by a calibrated dead-
weight tester shown in figure 4-1, conventionally used for calibrating pressure 
transducers.  The dead weight tester provided a constant and accurately known pressure 
upstream of the fuel injector, as opposed to the fluctuating pressure provided by the high 
pressure pump.  The use of the dead weight tester also significantly lowered the volume 
of fuel required for the tests.  This was particularly important when testing a very costly 
substance such as n-hexadecane. 
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The pressure in the dead weight tester line was transmitted to the fuel line by means of a 
sliding piston device shown below in figure 4.2. 
 
Figure 4- 2. 3-D CAD models of the sliding piston pressure transmitter. 
 
The purpose of this device was to successfully transmit the pressure from the dead weight 
tester to the fuel line on the test rig without allowing the dead-weight tester’s hydraulic 
oil to contaminate the test fuel in the fuel-line.  The lack of a differential pressure 
between the two ends of the piston ensured that there was no leakage across the piston. 
Figure 4-3 illustrates the layout of the apparatus for measuring acoustic velocity: 
 
Figure 4- 3. Schematic of the apparatus layout. 
 
Referring to figure 4-3, the dead weight tester (A) delivered oil at a known pressure to the 
pressure transmitter (B).  This pressure was then transferred directly to the fuel in the 
pipe between ‘B’ and the injector holder (E).  Two in-line pressure transducers were 
installed at ‘C’ and ‘D’, the distance between these transducers was 1.002 m.  The 
downstream side of the injector holder was connected to the measuring tube (F), and 
finally, to the pressure regulating valve at ‘G’. 
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4.2 Acoustic Velocity Measurement Procedure 
 
The principle behind this experiment was to trigger a single injection event in the fuel 
injector, the effect of which was to cause a pressure disturbance upstream of the injector.  
The time taken for this disturbance to travel between the two in-line pressure transducers 
(‘C’ and ‘D’ in Figure 4-3) was then measured, giving the acoustic velocity of the fuel at 
the test pressure. 
 
The solenoid injector was not suitable for the acoustic velocity tests as it displayed 
leakage of fuel back to the fuel tank when not operating.  This was not suitable as it 
would result in loss of the pressure built up by the dead-weight tester.  The Piezo injector 
on the other hand, did not display any leakage of fuel back to the fuel tank when not 
operating, and was thus suitable for this setup. 
 
As previously mentioned, due to the pronounced effect of temperature on fuel density, it 
was necessary to exercise accurate temperature control on the fuels throughout all 
experimentation in this study.  The temperature was thus controlled by heating the length 
of the fuel line between ‘B’ and ‘E’ in figure 4-3 with an electric heating element 
wrapped around the exterior of the pipe.  The fuel line heating element was set to 80°C, 
resulting in the fuel heating up to approximately 56°C. 
 
These tests were run at 5 different pressures and results were repeated 5 times for each 
test pressure, although at pressures near 1000 bar, the sliding piston device displayed 
some fuel leakage and as such limited data points were obtained near this pressure. 
The liquid used for verification of the acoustic velocity tests was n-hexadecane.  The 
results from this investigation were compared to available acoustic velocity, density and 
bulk modulus data for n-hexadecane at similar pressures.  Thereafter, EN590 and the 
GTL were tested. 
 
The captured traces for each of the two pressure sensors were plotted on the same time 
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differential between major curve features was calculated.  The measurement of this time 
delay was conducted visually using cursors on the plot of the captured traces.  Knowing 
the distance between the two transducers, it was then simple to calculate the acoustic 
velocity for each fuel at the different test pressures.  This value of acoustic velocity was 
then used to derive bulk modulus and fuel density using the cross-correlation method as 
described in Chapter 3. 
 
4.3 Mass Flow Measurement Equipment 
 
As mentioned in chapter 2, the author opted to use the Bosch method for flow 
measurement through the fuel injector.  A CAD model of the apparatus used in this study 
is shown below in Figure 4-4; the design of this apparatus was mostly based on Bosch’s 
original design. 
 
Figure 4- 4. CAD model of the apparatus layout. 
 
The high pressure diesel pump in figure 4-5a supplied the common rail in figure 4-5b 
with fuel at the test pressure.  The common rail is normally intended to supply fuel to 4 
injectors in a vehicle, and thus has 4 tapping points along its length.  For the purposes of 
the tests in this study, 3 of these tapping points were plugged and the 4th point was 
connected to the fuel line at ‘A’ in figure 4-4.  The two pressure transducers installed 
along the length of the fuel line at ‘C’ and ‘D’ were used to monitor the upstream fuel 
















Chapter 4: Design of Equipment and Methodology 
 
Sasol Advanced Fuels Laboratory 28 
inside the machined casing ‘E’.  Downstream of the injector, the fuel entered the 
measuring tube ‘F’.  The pressure in this tube coil was accurately controlled by the 
regulating valve ‘G’.  The set point for the back pressure was 80 bar.  After passing 
through the regulating valve, the fuel from each test was collected in a glass beaker.  The 
fuel collected was then weighed, as shown in figure 4-6, and the mass of the collected 
fuel was used to calibrate each test. 
 
 
(a) High pressure diesel pump   (b) Common rail 
Figure 4- 5. High pressure supply system for the fuel injector. 
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The machined casing for the fuel injector shown in figure 4-7 had two ports, ‘G’ and ‘H’, 
tapped into the downstream section for the installation of pressure transducers.  Initially it 
was thought that two different pressure sensors with different operating ranges and 
different sensitivities might be required in order to successfully capture both main and 
pilot injection events.  It was however later discovered that just one pressure sensor was 
necessary and thus the second port was plugged.  The pressure sensor used was an AVL 




(a) Casing with pressure sensor ports.  (b) Transparent 3-D CAD model of casing. 
 
Figure 4- 7. Machined injector casing. 
In W.Bosch’s original design of the indicator system, he included two sets of tubes 
downstream of the fuel injector.  The first tube was the measuring tube in which the 
pressure rise due to each injection event was measured.  The second tube was connected 
to the first via an orifice plate and the purpose of this was to dissipate the pressure signals 
caused by each injection event.  In the current study, the author altered this design 
slightly by doing away with the orifice plate and the second tube.  The first tube was 
simply made much longer than in Bosch’s design, as seen in figure 4-8, and the pressure 
signal from each injection event dissipated sufficiently before reflecting back to the point 
where it originated. 
 
 G 
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(a) Measuring tube with thermocouple probe. (b) 3-D CAD model of the measuring tube. 
 
Figure 4- 8. Long measuring tube downstream of the injector 
 
As shown in Figure 4-8a above, a thermocouple was placed downstream of the injector at 
‘J’ to monitor the fuel temperature in the measuring tube.  The beaker for collecting the 
fuel from each test was placed at ‘K’. 
 
Lastly, for the tests with the Piezo-type fuel injector, a back pressure of 10 bar was 
needed in the injector’s fuel return line in order for the injector to function properly.  This 
was implemented as shown in Figure 4-9. 
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4.4 Mass Flow Measurement Procedure 
 
Before each set of flow tests, the fuel system was cleaned and primed with a fresh drum 
of the required fuel, shown in figure 4-10.  This cleaning process included draining all the 
pumps, valves and pipes, and then running some of the new fuel through the system to 
wash out any residue left by the previous fuel.  Once the system was ready, the high 
pressure pump and the injector were left to run continuously for about 30 minutes at full 
load in order to allow the fuel in the drum to reach a stable temperature 
(approximately 60°C).  The fuel exiting the measuring tube was re-circulated back into 
the fuel drum.  This helped to eliminate errors in the test results caused by temperature 
fluctuations in the fuel.  The heating element on the fuel line was also set to 80°C which, 
depending on the injection pressure set point, resulted in the fuel temperature stabilising 
at between 56°C and 65°C just upstream of the injector.  This temperature measurement 
was taken using the temperature function on the piezo-resistive sensor installed on the 




Figure 4- 10. Drums supplying fuel to the high pressure pump. 
 
The injectors used in this study were controlled via a PC, and a National Instruments® 
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Figure 4- 11. Screenshot of the Drivven GUI for controlling the injectors. 
 
This commercial product is intended for injector calibration purposes, however it 
provided sufficient functionality for the purposes of the study, including full injector 
parameter control, and compatibility with both solenoid and piezo-type injectors.  The 
Drivven software for the injector control (shown in figure 4-11) and the software used to 
control the common rail system was all developed on a LabVIEW platform.  The 
common rail pressure was also controlled via the LabVIEW interface, with a simple duty-
cycle function being linked to the rail pressure relief valve.  The LabVIEW code for 
controlling the common rail system and the rail pressure relief valve was developed by 
Geoff Miller, a previous M.Sc. student with the Sasol Advanced Fuels Laboratory 
(SAFL).  Significant modifications to this LabVIEW code were made by Mark Wattrus, 
also a student with the SAFL. 
 
The flow tests for each fuel were performed at 4 different injection pressures, and 9 
different injection pulse-widths.  At each combination of pressure and pulse-width, a set 
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being captured and time-averaged on a digital oscilloscope. This averaging function was 
a feature of the digital oscilloscope which calculated and output the mean pressure trace 
over the test period.  This function did not, however, allow for the capture of each 
individual pressure trace, and therefore it was this averaged signal which was the input 
for the calculation of the mass flow rate and total injected mass. As previously 
mentioned, for each set of 1000 injections, the fuel exiting the measuring tube was 
collected in a glass beaker and weighed as in figure 4-6.  This mass measurement was 
then used to calibrate the calculations. 
 
The fuel mass flow rate tests were conducted at a simulated engine speed of 1000 rpm.  
The system was set up as a four-stroke engine, and so this translated to 500 injections per 
minute.  This was done in order to eliminate some of the fluctuations in upstream 
pressure delivery from the high pressure pump and the common rail.  As mentioned 
earlier, the back pressure used to simulate in-cylinder conditions was set to 80 bar.  
Although Wilhelm Bosch (1966) used a back pressure of the order of 40 bar in his 
presentation of the Bosch indicator, it was decided that an in cylinder pressure of 80 bar 
would be a better representation of modern diesel engine conditions.  Other studies from 
literature have used back pressures of up to 100 bar (Bianchi et al, 2003) and even up to 
180 bar. (Desantes et al, 2005). 
 
During each test, the average fuel temperature downstream of the injector was measured.  
Changes in this temperature reflected the corresponding density changes of the fuel 
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The results generated in the testing stages of this study are laid out in this chapter.  The 
key trends and characteristics illustrated here with graphs and tables, and statistical 
analyses will be discussed further in chapter 6. 
 
As previously mentioned, the two diesel fuels used for investigation in this study were as 
follows: 
 
1. European reference diesel fuel EN590. 
2. Test diesel fuel derived from natural gas (GTL). 
 
Properties for these fuels are tabulated in Appendix A. 
 
5.1. Fuel Property Results 
 
The experimental determination of acoustic velocity played an integral part in 
characterizing the different diesel fuels.  The experimental method thus required 
validation.  N-hexadecane was used as a reference fuel, and the experimental data was 
then compared with existing n-hexadecane data taken from literature. 
 
The acoustic velocity data for each of the fuels in this study was measured by dividing 
the distance between the two pressure sensors by the time taken for the pressure wave to 
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) Pressure sensor 1
Pressure sensor 2
 
Figure 5- 1. Pressure signals for acoustic velocity measurement. 
 
 
Acoustic velocity data was collected at five different pressures, with five repeat tests 
being conducted at each pressure.  The data presented here is the averaged data for each 
operating point.  The variability of the acoustic velocity data is illustrated in figure 5-2 by 
the uncertainty band symbols. ( I ). Two standard deviations (±2σ) have been indicated at 
each test point, representing the area within which 95% of test results would fall.  From 
here on, the same standard of ±2σ will be used to indicate variability in graphs where it is 
applicable.  A full set of the captured and inferred fuel data is presented in Appendix A. 
 
Ball and Trusler (2001) presented data for the acoustic velocity of n-hexadecane at 
various pressures and temperatures.  Figure 5-2 includes plots of this data against the 
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Ball-Trussler (348 K)
Poly. (Ball-Trussler (323 K))
Poly. (This Study (329 K))
Poly. (Ball-Trussler (348 K))
 
Figure 5- 2. Acoustic velocity data for n-hexadecane at various pressures and temperatures. 
 
 
After measuring the acoustic velocity, density and bulk modulus values were inferred 
using the cross-correlation method as described in chapter 3.  The density data for 
n-hexadecane taken from literature did not cover the exact operating points as covered in 
this study.  The German Association for Petroleum Sciences and Coal Chemistry 
(DGMK-project 4510, 1976) tested n-hexadecane at various pressures and a fixed 
temperature of 25°C, while Cerdeirina et al (2001) tested n-hexadecane at various 
temperatures and at fixed atmospheric pressure.  It was thus necessary to use the findings 
presented by these authors to generate data in the range required for this study, and 
against which the author’s data was compared.  This hexadecane data was generated 
using a statistical regression. 
 
The regression used the following empirical relationship for n-hexadecane: 
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Where  
ρ is the density in (kg/m3), 
P is the test pressure in the supply rail (bar), and 
T is the test temperature in (Kelvin). 
 
Although the regression equation form had no physical basis, it was a very good fit to the 
data from literature, and had a coefficient of determination (R2) of 0.999.  It should be 
noted that extrapolation of data using this relationship is not advisable for temperature 
ranges far beyond those upon which the relationship was based. 
 
Table 5-1 shows a comparison of the regression data with the data taken from literature. 
 









(bar) (K) (kg/m3) (kg/m3) % 
1 298.15 769.94 769.80 -0.02 
1 313.15 759.50 759.62 0.02 
1 333.15 746.10 746.05 -0.01 
196 298.15 782.20 782.58 0.05 
294 298.15 787.80 787.80 0.00 
392 298.15 793.10 792.85 -0.03 
588 298.15 803.00 802.64 -0.04 
784 298.15 811.90 812.18 0.03 
882 298.15 816.20 816.21 0.00 
a Data taken from DGMK Project-4510 (1976) and Cerdeirina et al (2001) 
 
The density data for n-hexadecane obtained from the cross-correlation method (discussed 
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Regression Data (from Literature)
Experimental Data
% Difference
172 392 569 739 861
 
Figure 5- 3.  Experimental and Regression data for n-hexadecane density. 
 
The inferred bulk modulus values for n-hexadecane are shown against the DGMK’s data 
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Having tested the properties of n-hexadecane, and proven that the methodology produces 
results which compare well with the literature, the next procedure was to measure the 
physical properties for the GTL, and for EN590.  The acoustic velocities for these fuels 
were measured under the same conditions as for n-hexadecane above, and the results are 

























Figure 5- 5. Acoustic velocity data for diesel fuels at various pressures. 
 
The density data for the GTL and for EN590 were as follows: 
 
Table 5- 2. Experimental data for GTL densities at various pressures. 
Test Pressure Test Temperature GTL 
(bar) (K) (kg/m3) 
180 329 749 
384 329 758 
578 329 765 
783 329 771 
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Table 5- 3. Experimental data for EN590 densities at various pressures. 
Test Pressure Test Temperature EN590 
(bar) (K) (kg/m3) 
174 329 813 
376 329 822 
577 329 829 
775 329 834 
971 329 840 
 
Empirical relationships for the density, pressure and temperatures of GTL and EN590 
were now required, however in the absence of any significant temperature variation over 
the experimental data set, it was necessary to make use of the temperature coefficient 
from equation 5-1. This was considered to be a close-enough value based on the fact that 




                3296777.010081.01139.14.732 5.0  RRRR TPP        (Eq 5-2) 
 
For EN590: 
               3296777.010083.01122.19.796 5.0  RRRR TPP        (Eq 5-3) 
 
Where  
ρR is the density in (kg/m3), 
PR is the test pressure in (bar), and 
TR is the test temperature in (Kelvin). 
 
The coefficients of determination (R2) for equations 5-2 and 5-3 were both 0.999. 
The inferred density and bulk modulus data (using equations 3-1 through 3-5) is 
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as the magnitude of the standard deviation is negligible in comparison to the presented 
values.  This illustrates that the density and bulk modulus values inferred via the cross-
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Figure 5- 7. Bulk modulus data for diesel fuels at various pressures and constant 
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5.2. Injector Mass Flow Results 
 
Flow Measurement Calibration 
 
As described in chapter 4, the injector flow rate measurements were calibrated against the 
mass of the fuel collected in the beaker after each test.  This calibration was carried out 
by scaling the Y-axis of the pressure-time plots.  A typical calibration is illustrated by 


















Injection Pressure = 1180 bar
Pulse Width = 0.7 ms
Calibration factor = 1.0137
 




The maximum, minimum, and average calibration factors (CF) for the tests performed in 
this study are summarized below in table 5-4, where the average factor is calculated as 
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Table 5- 4. Calibration factors for the injector flow measurements performed in this study. 
 
 
GTL in the 
Solenoid 
injector 
EN590 in the 
solenoid 
injector 
GTL in the 
piezo injector 













0.0063 0.0272 0.0095 0.0370 
 
Solenoid Injector Results 
 
The first tests for both fuels were performed using the solenoid injector.  The mass flow 
through the injector unit was measured at injection pressure set points of 600, 800, 1000, 
and 1200 bar.  The pulse widths used for the tests were 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 1.1, 1.3, 
and 1.5 ms.  These test conditions were chosen to represent the typical operating range of 
the injector under normal engine operation.  The plots that follow are the flow curves 
which were captured at each set of conditions.  The set points for injection pressure and 
pulse width are indicated by the legends, however the plots themselves indicate the actual 
flow duration. 
 
Figures 5-9 through 5-12 below illustrate the injection rate shape curves for the GTL 
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The pulse width of an injection event is the duration of the energising signal sent by the 
ECU to the injector.  The flow duration however, was deemed to be the time between the 
first rise in the flow rate, and the end of the main flow event (where the flow curve 
crossed the zero line).  As illustrated in figure 5-13, the flow duration was not equal to 




























1180 bar injection 
pressure
Flow Duration ~ 1.2 ms
Pulse Width ~ 0.7 ms
 
Figure 5- 13. Illu tration of the flow duration measurement. 
 
 
The mass flow of GTL through the solenoid injector at various injection pressures and 
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Figure 5- 14. Mass flow of GTL through the solenoid injector. 
 
 
Figures 5-15 through 5-18 below illustrate the injection rate shape curves for EN590 
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Figure 5- 18. Injection rate shape curves for EN590 in a solenoid injector at 1180 bar. 
 
The mass flow of EN590 through the solenoid injector at various injection pressures and 
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Piezo Injector Results 
 
The setup for the piezo injector tests was almost identical to that used for the solenoid 
injector tests.  The same pressure and pulse width set-points were used and the fuels were 
controlled at the same temperature control set point (80°C).  One difference in the testing 
setup was that the piezo injector required a back pressure to be applied to its fuel return 
line.  This fuel was circulated back to the main fuel drum but did not have any effect on 
the temperature of the fuel being supplied to the injector intake. 
 
Unfortunately some problems were encountered during the piezo injector flow tests, the 
first of which involved not being able to control the injector properly at very short pulse 
widths.  Where the pulse width was set to 0.2 ms or 0.3 ms, sometimes the injector would 
deliver only a fractional amount of fuel and sometimes it would not deliver any fuel at 
all.  It was not clear whether the injection signal was too weak or if the signal profile was 
not correctly structured, but this problem was not resolved.  The injector did however 
behave correctly at longer pulse-width settings. 
 
The second problem was that the pressure of the fuel delivery from the high pressure 
pump fluctuated considerably from test to test.  The control system had been re-worked 
in the period between conducting the solenoid tests and the piezo tests, and this had 
affected the control of the high pressure pump.  For each test, the injection pressure set 
point was selected; however, as shown by the data in table 5-5, the average pressure 
delivered by the pump during the test would not match the set point.  This fluctuating 
delivery is also evident in figures 5-20 to 5-23, and 5-25 to 5-28, where the maximum 
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Table 5- 5. Variation of injection pressures between tests with a piezo injector. 
 
Injection Pressure Set Point 
(bar) 
Pressure achieved during 
GTL tests (bar) 
Pressure achieved during 
EN590 tests (bar) 
600 612 579 
800 797 785 
1000 836 958 
1200 1040 1034 
 
 
Figures 5-20 through 5-23 below illustrate the injection rate shape curves for the GTL 
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1040 bar injection 
pressure
 
Figure 5- 23. Injection rate shape curves for GTL in a piezo injector at 1040 bar. 
 
The mass flow of GTL through the piezo injector at various injection pressures and pulse 
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Figures 5-25 through 5-28 below illustrate the injection rate shape curves for EN590 
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The mass flow of EN590 through the piezo injector at various injection pressures and 




























Figure 5- 29. Mass flow of EN590 through the piezo injector. 
 
 
Having presented data for the validation of the experiments carried out in this study, as 
well as the experimental data for the fuel properties and the flow measurements, the 
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6.   Analysis and Discussion 




Although measured at a different test temperature, the n-hexadecane acoustic velocity 
data from this study correlated very well with the data presented by Ball and Trusler, in 
terms of both temperature and pressure effects (See figure 5-2).  The acoustic velocity 
values were found to increase with the square of the test pressure, and to decrease with 
increasing test temperatures. 
 
The inferred density data for n-hexadecane was then indirectly compared to two other 
data sources via a regression model.  The regression model fit the data sources with an R2 
value of 0.999, and as shown in figure 5-3, the results from this study showed very good 
correlation over the pressure range between 170 and 860 bar. 
 
The bulk modulus data for n-hexadecane was slightly high compared to the DGMK’s 
data (approximately 1.7% higher on average), considering that it was measured at a 
higher temperature.  A possible reason for this inaccuracy may have been that the 
cross-correlation method took into account the geometry of the fuel pipe, as well as the 
physical properties of the steel.  Small changes in these numbers resulted in varying pipe 
stiffness values and thus affected the bulk modulus of the fuel.  Tat and Van Gerpen 
(2003) related the acoustic velocity of biodiesel directly to the density and bulk modulus, 
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The relationship was presented as follows (Gouw and Vlugter, 1967 and Rolling and 
Vogt, 1960, Tat and Van Gerpen, 2003): 

Bc       (Eq 6-1) 
 
If the bulk modulus values in this study are re-calculated directly from the acoustic 
velocity and the density as in equation 6-1, the bulk modulus values come out between 
1.8 % and 2.7 % lower over the pressure range, making the comparison with the 
DGMK’s data more favourable. 
 
Overall, the results for n-hexadecane proved very satisfactory and served in verifying the 
technique for the measurement of acoustic velocity, and the subsequent calculation of 
densities and bulk modulus values. 
 
GTL and EN590 
 
The GTL and EN590 were tested using the same method as for the n-hexadecane above.  
The range of pressures over which the acoustic velocities for these two diesels were 
measured was from 170 bar to 970 bar.  The results from these tests were then 
extrapolated to give fuel data over the pressure range for which the injector flow rate 
testing was performed (at 600 bar, 800 bar, 1000 bar and 1200 bar).  Over this range, 
EN590 had higher acoustic velocity properties than the GTL.  At the lowest pressure (600 
bar), EN590 displayed a velocity roughly 1.67 % higher than that of the GTL, and at the 
highest pressure (1200 bar), this difference dropped to only 0.75%.  This comparison is 
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600 800 1000 1200
 
Figure 6- 1. Differences in the acoustic velocity data for diesel fuels at test pressures. 
 
The densities of the EN590 were also higher than the densities of the GTL; with the 
EN590 being roughly 8.3 % higher than the GTL across the pressure range, as seen in 
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Considering that density formed an integral part of the cross correlation method 
calculations, as well as the injected mass calculations for the Bosch indicator, it was 
interesting to note that across the pressure range, the percentage difference in density 
between the GTL and the EN590 did not vary significantly.  The consequence of this was 
that any differences in flow characteristics measured between the two fuels (as a result of 
differing densities) were independent of injection pressure. 
 
Bulk modulus values for EN590 were also consistently higher than the GTL values by 

































600 800 1000 1200
 
Figure 6- 3. Extrapolated bulk modulus data for diesel fuels at test pressures. 
 
 
The overall effects of pressure on the physical properties of the diesel fuels were 
significant in terms of acoustic velocity and bulk modulus, but only very slight in terms 
of density.  Where pressure was increased from 600 bar to 1200 bar, acoustic velocity 
values for both diesel fuels increased by roughly 12 % and bulk modulus values increased 
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6.2 Injector Mass Flow 
 
Injection Rate Shape Characteristics 
 
In chapter 3, the basic principles of operation of a common rail injector unit and, in 
particular, the movement of the injector needle were explained (Item ‘E’ in figure 3-1).  
The injection flow rate curves presented in chapter 5 are very useful for illustrating this 
needle movement.  Looking again at the curves for the GTL in the solenoid injector, it 
was evident that at the various pulse widths, the injector attained varying peak flow rates. 
In figure 6-4, at very short pulse widths such as 0.2 milliseconds, the needle only lifted 
briefly from its seat, and then returned to seal again.  In this time, the peak flow rate 
achieved was approximately 9.5 g/s.  When the pulse width was increased to 0.3 
milliseconds, the needle lifted a little higher than before, resulting in a slight increase in 






























580 bar injection 
pressure
 
Figure 6- 4. Injection rate shape curves for the GTL in a solenoid injector at 580 bar. 
 
For this particular set of tests, this trend continued up to a pulse width of 
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pulse width of 0.7 milliseconds was used, the needle had enough time to reach its 
maximum height above the seat, thus giving the maximum flow area.  It was at this point 
that the injector achieved its maximum possible flow rate at the given injection pressure 
(580 bar in this case).  Any subsequent increase in the pulse width resulted in the injector 
achieving the same maximum flow rate, and simply increased the time for which the 
injector remained in this fully open state. 
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It was immediately evident that the injector achieved its maximum possible flow rate far 
earlier in the pulse width regime.  At higher injection pressures, the resultant force acting 
on the injector needle was higher, and the fuel’s acoustic velocity was higher, resulting in 
the pressure waves travelling much faster through the fuel.  These two factors combined 
meant that the injector needle displayed a much quicker response time.  The needle 
required less time to reach the maximum height above its seat, and thus at higher 
injection pressures, the peak flow rate achieved by the fuel injector was less varied across 
the pulse-width regime. 
 
To give a more clear indication of the effects of pressure on the injection rate shape 
curves, figures 6-6 to 6-8 are presented, where the 0.2, 0.7 and 1.5 millisecond pulse-
























0.2 ms, 580 bar
0.2 ms, 780 bar
0.2 ms, 980 bar
0.2 ms, 1180 bar
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0.7 ms, 580 bar
0.7 ms, 780 bar
0.7 ms, 980 bar
0.7 ms, 1180 bar
 
























1.5 ms, 580 bar
1.5 ms, 780 bar
1.5 ms, 980 bar
1.5 ms, 1180 bar
 
Figure 6- 8. Pressure effects on injection rate shape for the GTL in a solenoid injector at 1.5 ms 
pulse-width. 
 
From figures 6-6 and 6-7, it was evident that for a given pulse width, the flow duration 
did not necessarily remain constant.  This behaviour was expected at very short pulse 
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not expected at longer pulse widths, where the needle experienced its maximum lift.  As 
these plots were all from the same fuel (GTL), the contrast between figures 6-7 and 6-8 
also suggests that the effect was not caused by changing fuel properties resulting from 
differences in injection pressure.  As the injection signals delivered to the injector were 
identical, this posed a difficult phenomenon to explain. 
 
A possibility may be that the control needle in the injector deformed under movement.  
The deformation of the needle would occur during a change of acceleration of the needle.  
This would explain why the higher injection pressures in figure 6-7 resulted in longer 
flow durations, because the needle displayed a higher degree of deformation, and thus 
took a fraction longer to re-seat.  The effect was diminished in figure 6-8, because the 
pulse width was long enough to allow the needle to regain its shape before re-seating. 
 
Increases in the injection pressure resulted in corresponding increases in the maximum 
flow rate achieved by the injector.  As expected, the increase in flow rate was far more 
pronounced at shorter pulse widths.  As the injection pressure increased, not only did the 
peak flow rate increase, but the initial rate of rise in the flow rate also increased.  That is 
to say that the time taken to reach the peak flow rate decreased with an increase in 
injection pressure. 
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Figure 6- 9. The effects of injection pressure on the maximum flow rate in a solenoid injector. 
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Injector Flow Test Regression Analyses 
 
As mentioned in chapter 5, particularly during the piezo injector flow tests, problems 
were encountered with regard to the control of the pressure delivered by the fuel pump.   
 
In order to be able to compare the different injectors and the different fuels properly, it 
was necessary to use data taken at the same operating points (i.e. injection pressure, and 
pulse width).  Having not obtained satisfactory data during testing, it was necessary to 
perform a regression analysis on the existing data. 
 
The regression models were a set of equations aimed at describing the behaviour of the 
two fuels at various test conditions in the two injectors.  These models were based on 









m = mass flow rate (kg/s) 
 

Q  = Volume flow rate (m3/s) 






    (Eq 6-3) 
 
Where Cd = Flow drag coefficient 
 A = Flow area (m2) 
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Now, using the simplified Bernoulli’s equation, and with the assumption that upstream 







 22     (Eq 6-4) 
 
Where v2 is the downstream flow velocity (m/s) 
 PR is the upstream rail pressure (Pa) 
 PM is the downstream measuring tube pressure (Pa) 
 ρR is the upstream fuel density (kg/m3) 
 ρM is the downstream fuel density (kg/m3) 
 










   (Eq 6-5) 
 
Where m is the injected mass (kg), and 
           Δt is the flow duration (s) as explained in chapter 5.2. 
 
For each combination of fuel and injector, a statistical regression of the form of equation 
6-5 was performed.  The density data used for the regressions was based on equations 5-2 
and 5-3.  For the regression model, the mass term ‘m’ in equation 6-5 was the dependent 
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The flow discharge coefficient, Cd was then solved for using Microsoft Excel’s Solver 
Tool.  The root mean square difference between the measured injected mass and the 
regression injected mass was used as the ‘Solver Target’. 
 
  2Re )( gExpRMS mmDiff    (Eq 6-6) 
 
Initially, the regression equations were developed against the full data sets collected 
during the fuel mass flow experiments; however, as displayed by figure 6-11, the fit of 
these regression models to the experimental data was poor at the shorter flow durations, 
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Figure 6- 11. Inaccuracies of the solenoid injector regression models at short flow durations. 
 
The ‘Δt’ term in equation 6-5 indicates that the regression form approximates the 
injection rate shape curve as having a “top-hat” shape.  This form was not very accurate 
for modelling the injected mass at pulse widths where the injector needle did not lift fully 
from its seat.  This problem was particularly noticeable in the solenoid injector. 
As shown in figure 6-12, the fit of the initial regression models for the piezo injector was 
better at shorter pulse widths, which would indicate that the control of the injector needle 
- R2 = 0.994 
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Despite this slight improvement in fit for the piezo injector, the following regression 
models were only fit to the experimental data where the pulse width signal was greater 
than 0.5 milliseconds.  The models then yielded data which matched up very well with 
the experimental flow data. 
 










 (Eq 6-7) 
 
The flow discharge coefficient was 0.725, and the offset of -8.756 indicates that the 
injector ceased to deliver fuel before the pulse width signal reached zero. The regression 
- R2 = 0.994 
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data fit the experimental data with a coefficient of determination (R2) of 0.994.  Figure 






























Figure 6- 13. Comparison of test and regression data for the GTL in a solenoid injector. 
 










    (Eq 6-8) 
 
The flow discharge coefficient was 0.704, and again the offset of -8.392 indicates that the 
injector ceased to deliver fuel before the pulse width signal reached zero. The regression 
data fit the experimental data with a coefficient of determination (R2) of 0.998.  Figure 
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Figure 6- 14. Comparison of test and regression data for EN590 in a solenoid injector. 
 










 (Eq 6-9) 
 
The flow discharge coefficient was 0.798, and the offset was -5.958. The regression data 
fit the experimental data with a coefficient of determination (R2) of 0.994.  Figure 6-15 
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Figure 6- 15. Comparison of test and regression data for GTL in a piezo injector. 
 










 (Eq 6-10) 
 
The flow discharge coefficient was 0.773, and the offset was -5.272. The regression data 
fit the experimental data with a coefficient of determination (R2) of 0.997.  Figure 6-16 
shows the comparison between the experimental data and the regression data.  When 
considering that the set points for the injection pressures were separated by intervals of 
200 bar, figures 6-15 and 6-16 clearly illustrate how the fuel pump did not deliver fuel at 
the required intervals.  Instead, the injection pressure intervals achieved between data sets 
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Figure 6- 16. Comparison of test and regression data for EN590 in a piezo injector. 
 
 
Despite matching the test data very well, there were still a few data points where the 
errors between the regression data and the test data were significant.  These deviations 
were likely due to an error in the experimental procedure, as they did not conform to the 
trends shown by the accompanying data.  Another explanation could be that during 
testing, certain combinations of injection pressure and pulse width resulted in a harmonic 
behaviour of the upstream pressure in the fuel supply line as described by Boudy and 
Seers (2009).  The effect of this was that at certain conditions, the pressure available to 
the injector was higher or lower than expected.  In this study, the injection pressure was 
measured roughly 100 mm upstream of the injector, and was measured as an average 
figure over each test consisting of 1000 injection events.  Thus it is plausible that the 
instantaneous injection pressure at the injector’s nozzle was not exactly the same as the 
measured value.  This might explain any discrepancies between the regression data and 
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6.3 Comparing Diesel Fuel Injection Characteristics 
 
In order to make meaningful comparisons between different fuels and different injectors, 
a pre-requisite was to have measured data at matching experimental set points.  As with 
any experiment, the proximity of the control values to their respective set points is only 
as close as the control system permits.  Having experienced significant difficulties in this 
regard, data sets were generated from the regression models, allowing for meaningful 
comparisons between the two diesel fuels. 
 
Figures 6-17 and 6-18 show the comparison between the GTL and EN590 regression data 
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Figure 6- 18. Comparison of the injected mass for GTL and EN590 in a piezo injector. 
 
 
From the data presented in figures 6-17 and 6-18 above, three pulse widths were chosen 
to represent the injected mass data across the range, and the respective results are 
reported below: 
 
Table 6- 1. Comparison of the injected mass for GTL and EN590 in a solenoid injector. 
 





















600 6.79 7.33 7.9% 15.68 16.31 4.0% 24.56 25.29 3.0% 
800 9.61 10.17 5.8% 20.11 20.78 3.3% 30.61 31.39 2.6% 
1000 12.08 12.66 4.8% 23.99 24.70 2.9% 35.90 36.73 2.3% 
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Table 6- 2. Comparison of the injected mass for GTL and EN590 in a piezo injector. 
 





















600 11.00 11.82 7.5% 20.68 21.59 4.4% 30.37 31.36 3.3% 
800 14.07 14.92 6.0% 25.52 26.45 3.7% 36.96 37.99 2.8% 
1000 16.77 17.63 5.1% 29.75 30.71 3.2% 42.74 43.80 2.5% 
1200 19.20 20.07 4.5% 33.58 34.55 2.9% 47.95 49.04 2.3% 
 
 
In both injectors, the EN590 displayed injected mass values of between 2.1 % and 7.9 % 
higher than the GTL at the same conditions.  As injection pressure was raised, so the 
percentage difference between the injected mass of the two fuels decreased. 
 
The piezo injector also displayed a higher rate of rise in the flow rate than the solenoid 
injector.  This was more noticeable at lower injection pressures.  Figures 6-19 and 6-20 
are zoomed in shots of the injection rate curves, and illustrate that the delay in reaching 
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The rate of increase in flow rate for the piezo injector was roughly 45%, and 31% higher 
than that for the solenoid injector in figures 6-19 and 6-20 respectively.  However due to 
the varying injection pressures achieved during testing; it was difficult to compare the 
two injectors directly.  The two injectors were fitted with different flow nozzles, which 
would have contributed to this effect, however, it was also expected that the response 
time of the piezo injector would be faster than that of the solenoid injector. 
 
 




The regression models discussed earlier in this chapter showed that there was a direct 
relationship between the injected mass and the density of the diesel fuel being injected.  
In order to quantify this relationship for each fuel injector, combined regression models 
were developed using both sets of fuel data.  The upstream fuel density values in the 
models were then independently varied, producing corresponding changes in the injected 
mass values.   
 
The results that follow again exclude the test results from pulse widths of 0.5 
milliseconds and shorter.   
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  (Eq 6-12) 
 
For each incremental change in the upstream density, the percentage change in the 
injected mass data for each injector was then averaged across the pulse width range, 




























Injection Pressure = 800 bar
Back Pressure = 80 bar
 
Figure 6- 21. The effects of fuel density on the injected mass. 
 
It was evident that density had a marked effect on the injected mass values.  As the 
density values were increased by up to 10.4 %, the averaged injected mass values rose by 
up to 6.6 % in the solenoid injector, and by up to 5.6 % in the piezo injector.  This is 
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density inversely affects the injected mass for single injection events.  That is to say that 





If it were possible to independently measure the head loss across the injector due to pipe 
friction losses in the nozzle, the viscosity of the fuel could be taken into account as part 
of the regression models using the Darcy and Blasius equations.  The head loss term 








     (Eq 6-13) 
 
Where hf is the head loss due to friction (m) 
l is the length of the nozzle holes (m) 
 d is the diameter of the nozzles (m) 
 v is the velocity of the fluid (m/s) 
 




f     (Eq 6-14) 
 
For GTL in the solenoid injector, at the highest injection pressure (1200 bar) the head 
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Scenario 2 (100% 
increase in GTL 
viscosity) 
GTL Fuel density (ρ) - 760 kg/m3 760 kg/m3 
Fuel flow rate (

m ) - 32e
-03 kg/s 32e-03 kg/s 






mQ  4.2 e
-05 m3/s 4.2 e-05 m3/s 
Solenoid Injector 
Hole diameter (d) 
- 152e-06 m 152e-06 m 
Cd - 0.704 0.704 
Effective flow area 
per hole (A) 
 
4
2dCA d   1.28 e
-08 m2 1.28 e-08 m2 
No. of holes (N) - 6 6 
Velocity of fuel 
through each hole (v) AN
Qv

  549 m/s 549 m/s 
Length of nozzle 
hole (l) 
- 1.14 e-03 m 1.14 e-03 m 
Kinematic Viscosity 
(ν) 




Re  49117 24558 
Friction factor (f) 
25.0Re
079.0
f  0.0053 0.0063 





  2449 m 2912 m 
Head loss in bar (hf) fghP   183 bar 217 bar 
Difference in head 
loss 
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The total pressure drop across the solenoid injector was 1120 bar (1200 bar upstream – 
80 bar downstream).  The 100% increase in viscosity represented in table 6.3 above 
resulted in a 34 bar increase in the friction losses in the nozzle.  This equates to 3% of the 




Looking again at equation 6-5, the pressure drop across the injector is a major factor in 
affecting the injected mass.  Figure 6-22 displays the effects of changes in the injection 
pressure on the injected mass values, having been calculated in a similar manner to the 






























Figure 6- 22. The effects of injection pressure on the injected mass. 
 
With increases of up to 100 % in the injection pressure, the injected mass values for the 
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The following figures show comparisons between GTL and EN590 in the solenoid and 
piezo injectors at different injection pressures, and serve to illustrate the subtle 





















GTL 0.7 ms @ 584 bar
EN590 0.7 ms @ 583 bar
 

























GTL 0.7 ms @ 1183 bar
EN590 0.7 ms @ 1186 bar
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EN590 0.9 ms @ 785 bar
GTL 0.9 ms @ 784 bar
 




























EN590 0.9 ms @ 975 bar
GTL 0.9 ms @ 978 bar
 











Chapter 6: Analysis and Discussion 
 
Sasol Advanced Fuels Laboratory 86 
The GTL had a lower density and slightly higher viscosity than the EN590, and so as 
previously discussed, displayed a slightly lower flow rate through the injector at given 
conditions, resulting in a slightly lower injected mass.  The fuel properties did not appear 
to have any effect on the initial rate of rise in the flow rate, but did affect the maximum 
flow rate achieved. 
 
From these plots, it was again evident that there were variations in the flow duration at 
given conditions.  The previous discussion around this behaviour (in figures 6-7 and 6-8) 
suggested that it was not caused by any fuel property variations with pressure, however, 
looking at figures 6-23 to 6-26, it seems that there was some influence as a result of fuel 
properties. 
 
The ballistic behaviour of the needle may have been affected by the density and acoustic 
velocity properties of the fuel.  Higher fuel densities would result in a higher inertia of 
the fuel and, therefore, longer delays for the needle to react to an opening or closing 
signal.  Also, increases in the acoustic velocity of the fuel would result in increases in the 
speed with which pressure waves travelled through the fuel, and would speed up the 
reaction of the needle. 
 
Having analysed and discussed all of the results and testing from the study, the following 
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7. Summary and Conclusions 
 
 An experiment for the measurement of acoustic velocity has been verified, with 
n-hexadecane used as the reference fuel.  Values for acoustic velocity, as well as 
inferred values for density and bulk modulus compared well with data from 
literature. 
 
 This experiment was then used to determine acoustic velocity, density and bulk 
modulus values for two diesel fuels, namely EN590 and GTL, at various 
operating conditions, representative of typical engine operating conditions. 
 
 EN590 was found to have higher acoustic velocity values than the GTL.  The 
difference was 1.67 % at 600 bar and was 0.75 % at 1200 bar.   
 
 Across the pressure range, EN590 was consistently higher in density and in bulk 
modulus than the GTL by about 8.27 % and 11.71 % respectively.  This was an 
important finding, that across the range of test pressures, pressure had a negligible 
effect on the relative densities of EN590 and GTL.  This in turn meant that any 
effects on injection characteristics (as a result of fuel density differences) were 
independent of the injection pressure. 
 
 The relative effects of pressure on the fuel properties for EN590 and for GTL 
were quantified for the pressure range from 600 bar to 1200 bar.  The increase in 
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Table 7- 1. The effects of pressure on the fuel properties for EN590 and GTL between 600 and 1200 
bar at constant temperature of 329 K. 
 





GTL 600 – 1200 bar 2.1 % 12.5 % 29.1 % 
EN590 600 – 1200 bar 2.0 % 11.5 % 28.8 % 
 
 
 Injector mass flow tests were performed on two different types of fuel injector, 
namely solenoid type and piezo type.  Four full sets of tests were performed, one 
for each combination of fuel and injector type.  These tests were run at four 
different injection pressures, namely 600, 800, 1000, and 1200 bar.  The injection 
pulse widths used were 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 1.1, 1.3 and 1.5 ms.  The 
injection flow tests were conducted using an apparatus based on the Bosch 
Indicator design. 
 
 Actual test data were presented in the form of injection rate shape curves.  It was 
observed that, particularly at lower injection pressures, the injectors attained 
varying maximum flow rates at the different pulse widths. 
 
 An increase in the injection pressure also resulted in a corresponding increase in 
the maximum flow rate achieved.  This effect was more pronounced at shorter 
pulse widths. 
 
 At higher injection pressures, the diesel fuels displayed a higher acoustic velocity, 
meaning they reacted quicker in the injector, and this reduced the effect of pulse 
width on the maximum flow rate achieved.  The maximum flow rates for each 
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 The flow tests conducted with the piezo injector at pulse widths less than 0.4 ms 
were not very successful.  The behaviour of the injector was erratic and it would, 
on occasion, fail to inject any fuel.  The root cause of this problem was not 
identified. 
 
 Regression models have been presented, which link the mass flow through the 
injector to the fuel density, and the pressure differential across the injector.  These 
regression models were found to be very accurate at pulse widths longer than 0.5 
ms, but were not found to correspond well with the measured data for tests at 
shorter pulse widths. 
 
 The mismatching of actual data to regression data at shorter pulse widths was 
likely due to the fact that the regression model approximated the injection rate 
shape curves as having a ‘top hat’ shape.  At shorter injection pulse widths, such 
as those in the pilot injection regime, it is known that this is not true, as the needle 
does not have sufficient time to reach its maximum height above the seat.  
Instead, the shape of the flow curves at these conditions would be better 
approximated as a ‘pyramid’ shape. 
 
 The regression models and the known geometry of the fuel injector nozzles were 
used to determine flow coefficients for the two injectors.  For the solenoid 
injector, the flow coefficient was 0.725 with GTL, and 0.704 with EN590.  For 
the piezo injector, the flow coefficient was 0.798 with GTL, and 0.773 with 
EN590. 
 
 On a mass basis, the EN950 yielded higher injection rates than the GTL.  In the 
solenoid injector, for pulse widths between 0.7 ms and 1.5 ms, the EN590 yielded 
between 2.1 % and 7.9 % more fuel per injection than the GTL.  In the piezo 
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 The piezo injector also displayed a higher rate of rise in the initial part of the 
injection rate shape curves (by roughly 30 %).  This can be attributed to the faster 
action of the piezo mechanism as opposed to the solenoid. 
 
 Density had a direct effect on the injected mass, with a 10.4 % increase in density 
yielding an increase in the injected mass of up to 6.6 % in the solenoid injector, 
and 5.6 % in the piezo injector. 
 
 Although not included as part of the regression model, it was estimated that a 
100 % increase in viscosity would yield increases in the nozzle friction losses of 
roughly 3 % of the total pressure drop across the injector.  This figure was based 
on head loss calculations using the Darcy and Blasius equations, and by 
evaluating the effect of pressure difference over the injector nozzle on injected 
mass values. 
 
 Increases in fuel density were found to result in significant increases in the 
injected mass for single event injections.  This did not agree with the study 
presented by Boudy and Seers (2009), who found that increases in density 
resulted in slight decreases in the injected mass for single injection events.  Boudy 
and Seers also reported that changes in density played a significant role in the 
injected mass values, but only where multiple injection events were employed. 
 
 GTL, having a lower density and higher viscosity than EN590, displayed a lower 
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8. Recommendations 
 
8.1 Acoustic Velocity Measurement 
 
 Even though the measurements for n-hexadecane acoustic velocity compared very 
well with values from literature, there were still some improvements that could be 
made to the experimental setup.  The dead weight tester, for the most part, 
provided a steady pressure for the testing purposes.  At pressures beyond 800 bar 
however, the tester started to display leakage and there was significant difficulty 
in capturing the necessary data at these pressures.  A more reliable pressure 
supply would remove a large amount of difficulty from this testing procedure.  
The solution should also take consideration of the fact that n-hexadecane is a very 
costly substance, and so volumes required for testing should be minimized 
wherever possible. 
 
 The fuel properties in this study were measured only up to 970 bar, whereas the 
fuel mass flow rate tests were performed at over 1150 bar.  Ideally the fuel 
properties should be measured over this full pressure range in order to minimise 
errors incurred by extrapolating fuel property data. 
 
 The resolution of the signals captured by the oscilloscope for timing the pressure 
waves was good, but even so, the accuracy of the acoustic velocity measurements 
could have been made more precise with the use of a device with an even higher 
sampling rate.  The oscilloscope used in this study captured the signals at 
200 kHz.  Recalling the acoustic velocity measurement procedure from chapter 4, 
the two pressure signals were superimposed on each other and then shifted until 
they lined up.  At this sampling rate of 200 kHz, for every two data points that 
the graphs were shifted, the acoustic velocity values changed by roughly 1.5 %.  
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8.2 Mass Flow Rate Measurement 
 
 One of the elements not considered in this model was the effect of the upstream 
supply pressure to the injectors.  Boudy and Seers (2009) reported that the 
upstream pressure fluctuated as a result of both fuel properties, and the design of 
the fuel injection system.  In this study, the fuel feed pipe between the common 
rail and the injector body was roughly 1.6 metres in length.  In order to better 
simulate the behaviour of the injector in an engine, one should rather ensure that 
this pipe length is as close as possible to the real pipe length on the engine itself.  
Any harmonic or interference with the supply pressure should then be accurately 
mimicked by the experimental setup.  The effects of the fuel properties on 
upstream head loss due to pipe friction could also be included in the model, 
although the benefit in terms of accuracy is not clear. 
 
 The shorter injection events in this study were aimed at simulating pilot injection 
events in real engine operation.  These events are much quicker than the normal 
main injection events and, as such, the volume through the injector is much 
smaller.  In this study, 1000 injection events were run per test at each combination 
of injection pressure and pulse width.  Perhaps a much higher number of the 
shorter injection events should be captured, resulting in a higher volume of fuel 
being collected per test. A factor could also be included in the regression models 
to correct for the shape of the flow curve and possibly improve the overall 
accuracy of the results.  For instance, the solenoid tests with GTL at 0.2 ms pulse 
width and 600 bar injection pressure yielded 0.64 grams of fuel into the beaker.  
The regression model yielded a value which differed by 260 % for the same 
conditions. 
 
 Even though the much shorter injection events were sufficiently captured on the 
downstream pressure transducer, perhaps a transducer more suited to small 
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transducer used in this study was rated for 0-200 bar measurements.  A pilot 
injection event at 600 bar only induced a 7 bar pressure increase in the measuring 
tube.  This only represented 3.5 % of the pressure transducer’s range. 
 
 An investigation should be conducted into the proper methods for controlling a 
piezo type injector at shorter pulse-widths, in order to ensure that the 
experimental tests performed at these conditions yield results representative of 
actual injector behaviour in an engine. 
 
 The calculation of mass flow through the injector required, as an input, the time 
for which the injector was open.  In this study this time value was measured 
directly off the injection rate shape curves, but a more accurate method of 
measurement would be to install a needle lift sensor on the fuel injectors, allowing 
one to see exactly when the injector needle opens and closes. 
 
 As has been mentioned, the fuel pump control system did not perform 
satisfactorily, and resulted in the need for much post processing of the data in 
order to draw meaningful conclusions.  If the control system were more effective, 
and the pressure delivered by the pump more in line with the set point, then the 
experimental data would be of a much higher quality,  and far less time would be 
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n-Hexadecane at 329 K 
 








172.0 329.4 1318.4 1335.7 765.7 
172.0 329.6 1301.3 1320.5 766.0 
172.2 329.7 1318.4 1355.7 765.7 
172.1 329.8 1301.3 1320.6 766.0 
171.6 329.8 1318.4 1355.7 765.7 
391.7 329.0 1401.4 1555.6 775.6 
394.6 329.0 1411.3 1577.8 775.4 
389.6 329.0 1401.4 1555.4 775.5 
393.4 329.1 1401.4 1555.8 775.6 
389.0 329.1 1411.3 1577.3 775.2 
594.6 329.4 1484.4 1765.8 782.4 
541.6 329.5 1473.5 1734.9 780.4 
557.8 329.5 1484.4 1762.1 780.8 
582.6 329.6 1495.5 1790.8 781.5 
567.4 329.6 1484.4 1763.1 781.2 
770.1 329.8 1553.5 1950.5 787.2 
737.1 329.7 1541.5 1917.7 786.3 
773.2 329.1 1553.5 1950.8 787.3 
720.9 329.1 1541.5 1916.0 785.6 
694.0 329.1 1529.8 1884.5 785.0 
866.7 329.3 1578.0 2021.4 789.9 
910.7 329.6 1603.2 2090.1 790.5 













Sasol Advanced Fuels Laboratory 99 
EN590 at 329 K 
 








173.5 328.9 1301.3 1403.6 813.2 
174.3 329.1 1301.3 1403.7 813.3 
174.2 328.9 1309.8 1422.2 813.1 
174.2 328.8 1318.4 1441.1 813.0 
174.3 328.8 1309.8 1422.2 813.1 
375.9 328.6 1401.4 1650.8 822.0 
376.2 328.6 1411.3 1674.2 821.7 
376.6 328.6 1401.4 1650.9 821.9 
376.4 328.6 1401.4 1650.8 822.0 
376.1 328.5 1401.4 1650.8 822.0 
572.4 329.1 1484.4 1872.8 828.6 
577.2 329.1 1495.5 1901.2 828.5 
578.1 329.1 1484.4 1873.4 828.9 
577.7 329.1 1495.5 1901.3 828.5 
578.3 329.1 1484.4 1873.4 828.9 
773.7 329.2 1565.6 2103.3 834.0 
777.9 329.1 1553.5 2071.5 834.7 
774.5 329.2 1578.0 2136.4 833.6 
772.0 329.1 1565.6 2103.1 834.0 
778.4 329.0 1553.5 2071.6 834.7 
962.0 329.3 1616.1 2259.5 839.1 
971.8 329.4 1603.2 2224.9 840.0 
973.4 329.4 1603.2 2225.1 840.1 
975.1 329.4 1616.1 2260.8 839.6 




EN590 at Standard Conditions   
   
   
Fuel Density @ 20°C, 1 bar 828.8 kg/m3 
      
Fuel Density @ 15°C, 1 bar 832.3 kg/m3 
      
Fuel Kinematic Viscosity @ 40°C, 1 bar 2.355 mm2/s 
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GTL at 329 K 
 








178.7 328.5 1281.3 1250.9 749.0 
180.9 328.6 1274.8 1238.4 749.3 
179.0 328.8 1271.6 1231.9 749.2 
182.1 328.8 1281.3 1251.2 749.2 
378.1 328.9 1384.0 1480.8 757.7 
385.1 329.2 1384.0 1481.5 758.1 
384.9 329.1 1384.0 1481.5 758.1 
385.5 329.0 1387.8 1489.7 758.0 
387.5 328.7 1384.0 1481.8 758.2 
574.0 328.7 1464.9 1678.4 764.5 
579.7 328.7 1469.2 1688.7 764.6 
581.2 328.8 1473.5 1698.7 764.5 
577.3 328.7 1464.9 1678.7 764.7 
770.2 328.2 1536.8 1865.5 770.2 
787.4 328.5 1541.5 1878.6 770.7 
788.7 328.6 1541.5 1878.7 770.7 
788.0 328.7 1541.5 1878.6 770.7 
781.1 328.8 1536.8 1866.6 770.6 
971.0 329.5 1590.5 2016.5 775.7 
965.6 329.5 1585.4 2003.5 775.7 
970.8 329.4 1590.5 2016.5 775.7 




GTL at Standard Conditions   
   
   
Fuel Density @ 20°C, 1 bar 763.4 kg/m3 
      
Fuel Density @ 15°C, 1 bar 767 kg/m3 
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GTL in the Solenoid Injector 
 









(bar) (bar) (bar) (s) (s) (kg) 
           
83 579 495 0.0002 0.000245 0.00064 
83 580 497 0.0003 0.000335 0.00204 
84 581 497 0.0004 0.000445 0.00367 
82 582 500 0.0005 0.000660 0.00706 
81 584 503 0.0007 0.001050 0.01464 
81 583 501 0.0009 0.001400 0.02125 
82 584 502 0.0011 0.001580 0.02513 
82 582 500 0.0013 0.001775 0.02930 
81 583 502 0.0015 0.001995 0.03340 
83 781 698 0.0002 0.000285 0.00196 
83 781 698 0.0003 0.000380 0.00362 
82 780 699 0.0004 0.000565 0.00697 
82 783 702 0.0005 0.000750 0.01173 
82 782 700 0.0007 0.001155 0.02080 
82 778 696 0.0009 0.001370 0.02629 
81 781 700 0.0011 0.001570 0.03278 
82 781 699 0.0013 0.001765 0.03604 
82 782 700 0.0015 0.001975 0.04054 
83 983 900 0.0002 0.000305 0.00302 
85 983 898 0.0003 0.000320 0.00348 
82 980 898 0.0004 0.000580 0.00886 
82 981 899 0.0005 0.000765 0.01433 
81 982 901 0.0007 0.001165 0.02533 
82 981 899 0.0009 0.001345 0.02949 
83 984 901 0.0011 0.001545 0.03456 
81 983 902 0.0013 0.001750 0.04278 
82 983 901 0.0015 0.001960 0.04701 
81 1180 1098 0.0002 0.000280 0.00286 
81 1178 1097 0.0003 0.000310 0.00384 
77 1179 1102 0.0004 0.000600 0.01082 
76 1180 1104 0.0005 0.000830 0.01855 
80 1183 1103 0.0007 0.001195 0.02933 
81 1181 1101 0.0009 0.001315 0.03240 
81 1181 1100 0.0011 0.001525 0.03958 
81 1179 1098 0.0013 0.001740 0.04587 
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EN590 in the Solenoid Injector 
 









(bar) (bar) (bar) (s) (s) (kg) 
           
81 581 500 0.0002 0.000265 0.00092 
81 584 502 0.0003 0.000300 0.00151 
81 582 501 0.0004 0.000530 0.00466 
80 582 502 0.0005 0.000705 0.00763 
81 583 503 0.0007 0.001105 0.01581 
81 584 502 0.0009 0.001445 0.02269 
81 584 504 0.0011 0.001610 0.02623 
82 583 502 0.0013 0.001820 0.03043 
82 583 500 0.0015 0.002030 0.03470 
82 780 698 0.0002 0.000250 0.00140 
84 781 697 0.0003 0.000320 0.00271 
82 781 700 0.0004 0.000585 0.00734 
82 781 700 0.0005 0.000765 0.01211 
81 780 699 0.0007 0.001180 0.02219 
81 784 703 0.0009 0.001400 0.02745 
81 782 700 0.0011 0.001590 0.03225 
80 780 700 0.0013 0.001785 0.03734 
81 780 700 0.0015 0.001995 0.04245 
82 976 895 0.0002 0.000245 0.00173 
82 982 900 0.0003 0.000320 0.00336 
81 979 898 0.0004 0.000605 0.00939 
80 980 900 0.0005 0.000800 0.01557 
80 980 901 0.0007 0.001200 0.02646 
80 980 901 0.0009 0.001350 0.03117 
80 983 903 0.0011 0.001565 0.03715 
81 983 902 0.0013 0.001755 0.04303 
81 982 901 0.0015 0.001965 0.05052 
83 1179 1096 0.0002 0.000240 0.00202 
82 1181 1100 0.0003 0.000330 0.00399 
79 1179 1100 0.0004 0.000615 0.01035 
80 1181 1102 0.0005 0.000805 0.01849 
80 1186 1106 0.0007 0.001180 0.02975 
80 1183 1103 0.0009 0.001320 0.03469 
80 1183 1102 0.0011 0.001530 0.04162 
80 1181 1101 0.0013 0.001740 0.04815 
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GTL in the Piezo Injector 
 









(bar) (bar) (bar) (s) (s) (kg) 
           
85 612 526 0.0002 0.000166 0.00026 
87 612 525 0.0003 0.000334 0.00284 
85 614 529 0.0004 0.000518 0.00705 
84 614 530 0.0005 0.000730 0.01215 
83 609 526 0.0007 0.001135 0.02180 
83 606 523 0.0009 0.001515 0.03144 
83 608 525 0.0011 0.001885 0.04037 
83 614 531 0.0013 0.002240 0.04907 
82 615 532 0.0015 0.002575 0.05697 
88 818 730 0.0002 0.000148 0.00010 
87 817 730 0.0003 0.000279 0.00329 
85 821 735 0.0004 0.000516 0.00808 
85 822 738 0.0005 0.000740 0.01511 
85 819 735 0.0007 0.001170 0.02730 
85 785 700 0.0009 0.001565 0.03840 
83 751 668 0.0011 0.001935 0.04818 
84 736 652 0.0013 0.002295 0.05836 
84 809 725 0.0015 0.002670 0.06673 
88 966 878 0.0003 0.000279 0.00363 
86 927 841 0.0004 0.000524 0.00950 
85 887 802 0.0005 0.000742 0.01619 
85 839 754 0.0007 0.001195 0.02749 
88 781 693 0.0009 0.001590 0.04038 
88 762 674 0.0011 0.001965 0.04787 
88 756 669 0.0013 0.002320 0.05780 
88 772 684 0.0015 0.002670 0.06805 
82 1188 1105 0.0003 0.000315 0.00418 
81 1170 1088 0.0004 0.000520 0.01088 
81 1132 1051 0.0005 0.000760 0.01953 
82 1018 936 0.0007 0.001200 0.03241 
81 978 897 0.0009 0.001610 0.04647 
81 936 855 0.0011 0.001985 0.05656 
81 923 842 0.0013 0.002350 0.06739 
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EN590 in the Piezo Injector 
 









(bar) (bar) (bar) (s) (s) (kg) 
           
85 580 496 0.0003 0.000300 0.00222 
83 580 497 0.0004 0.000486 0.00626 
81 577 496 0.0005 0.000698 0.01124 
80 580 500 0.0007 0.001130 0.02130 
78 584 506 0.0009 0.001510 0.03083 
78 582 504 0.0011 0.001875 0.03982 
77 575 498 0.0013 0.002250 0.04803 
76 577 501 0.0015 0.002580 0.05629 
85 782 697 0.0003 0.000264 0.00160 
84 785 702 0.0004 0.000414 0.00572 
83 783 700 0.0005 0.000686 0.01318 
82 779 697 0.0007 0.001130 0.02594 
82 785 704 0.0009 0.001535 0.03826 
82 794 712 0.0011 0.001935 0.05027 
82 786 705 0.0013 0.002280 0.06005 
81 790 709 0.0015 0.002635 0.07068 
84 984 900 0.0003 0.000268 0.00236 
83 987 904 0.0004 0.000458 0.00816 
83 991 908 0.0005 0.000718 0.01737 
83 984 901 0.0007 0.001160 0.03228 
83 975 892 0.0009 0.001570 0.04624 
83 961 877 0.0011 0.001955 0.05936 
84 894 810 0.0013 0.002325 0.06780 
84 887 804 0.0015 0.002690 0.07699 
85 1189 1103 0.0003 0.000262 0.00263 
80 1168 1088 0.0004 0.000474 0.01036 
80 1147 1068 0.0005 0.000726 0.01869 
81 1029 947 0.0007 0.001170 0.03446 
81 976 894 0.0009 0.001580 0.04643 
82 1003 921 0.0011 0.001975 0.05913 
82 899 816 0.0013 0.002355 0.06771 
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Materials list for the drawings. 
 
Item Description Material 
Injector Holder 316 Stainless Steel 
Cylinder 316 Stainless Steel 
Endcap 316 Stainless Steel 
Collar 316 Stainless Steel 
Piston Head 316 Stainless Steel 
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